Till date, conventional indoor air quality (IAQ) ventilation systems have controlled the IAQ using fixed ventilation rate strategy without consideration of ventilation energy consumption and outdoor air quality. In this paper, a multiobjective optimization (MOO) method was used to find optimal set-points of IAQ ventilation system which balance the IAQ improvement and ventilation energy saving, where logistic regression was suggested to classify the current IAQ data with the healthy risk level. The results show that the proposed ventilation system with varying setpoints can save the ventilation energy and also improve the IAQ level better than the existing ventilation system.
Introduction
Recently, millions of people spend a considerable amount of time in subway stations daily, since a subway system is the most convenient public transportation. Several preceding researches on indoor air quality (IAQ) of the subway system have reported that indoor air pollutants, such as, particulate matters (PMs) and volatile organic compounds (VOCs) remain accumulated in the subway station easily due to the characteristics of subway structure [1] . These hazardous pollutants directly affect the passenger's health [2] . Therefore, an IAQ ventilation system which exchanges the contaminated indoor air with clean outdoor air has widely been used to control IAQ in the subway system.
Conventional ventilation systems have controlled the IAQ using a fixed-rate control strategy without consideration of energy consumption. This simple ventilation strategy leads to excess energy consumption of ventilation system, since it does not incorporate an influence of ventilation strategy on the energy consumption of ventilation system [1] . However, it did not suggest the healthy effect of IAQ level in the optimization function. Therefore, to balance the IAQ improvement and ventilation energy saving in the subway station, a new method which finds optimal set-points of the IAQ ventilation system with healthy risk information needs to be developed.
An objective of this study is to find the optimal set-points of IAQ ventilation system which can improve the IAQ and ventilation energy efficiency, simultaneously. Here, the IAQ data is classified into two groups by using a logistic regression method, where the ventilation control at each group has different objectives of improving the IAQ level and saving the energy consumption, respectively. Then, a multi-objective genetic algorithm (MOGA) is used to find optimal set-points of IAQ ventilation system which balance two objectives: the IAQ improvement and ventilation energy saving. Fig. 1 shows the variations of the fan speed (revolutions per minute, RPM) and PM 10 at platform with the conventional ventilation control system. The PM 10 concentration in Fig. 1(b) shows several peaks which exceed over the 120 g/m 3 , which is a threshold of sensitive group of IAQ level. Most of those peaks occurred during the rush hour period, which are from 7:00 a.m. to 9:00 a.m. and from 18:00 p.m. to 20:00 p.m. with morning and evening rush hour, respectively. Since there are more trains in rush hour, IAQ in subway system is easier to be affected by the air pollutants generated from the train operation than the other time [3] . However, as shown in Fig. 1(a) , the conventional system with the fixed-rate control strategy is not able to tackle these problems of high air pollutants during the rush hour. It is a generic idea to utilize this valuable information of the rush hour and limit of healthy sensitive IAQ level with a new control strategy. On the other hands, too low PM 10 at platform with high ventilation rate needs also high energy. This relation between IAQ level and ventilation energy can be solved by using MOO. 
Problem description

Material and Method
Fig . 2 shows a framework of the proposed method to determine optimal set-points of ventilation system for maintaining the healthy IAQ level as well as for reducing the energy consumption of ventilation system. It consists of three steps: 1) collection and pre-procession of IAQ data, 2) classification of IAQ data into two groups using logistic regression, and 3) multi-objective optimization genetic algorithm (MOGA) to find the optimal set-points of ventilation system.
Collection and pre-procession of subway IAQ data
The IAQ data set were collected from D-subway station in Seoul metro using a real-time telemonitoring system (TMS) from November 21 to 25, 2011. The data contains concentration of particular matter with a diameter less than 10 (PM 10 ) at platform and outdoor, speed of ventilation fan (revolutions per minute, RPM) and the subway time schedule. The sampling time for PM 10 concentration at platform and at outdoor is 3 minutes and train time schedule is measured at 1 hour, respectively. Here, outliers of IAQ data are detected by cumulative sum chart, where outliers are deleted and replaced by the average values of the former and the later IAQ data.
Classification of IAQ data using logistic regression
For improving both IAQ and ventilation energy efficiency simultaneously, the IAQ data is classified into two groups. The control purpose of each group are to improve the IAQ (group1, G1) and to minimize the ventilation energy consumption (group2, G2), respectively.
It is known that process capability ratio is a statistical measure of the ability of a process to produce output within specification limits, where can measure how much natural variation of a process experiences relative to its specification limits and allows different processes to be compared. In this paper, Fig. 2 . The framework of determining optimal set-points of ventilation system process capability ratio (PCR, C pk ) is used to divide IAQ data into two groups. When there is no lower limit of process variable, i.e., environmental process, C pk is calculated using the following equation [4] :
where USL is the upper specification limit, ˆ is the mean, and ˆ is the standard deviation of quality index of process product. Note that high C pk represents that the process is controlled well within the specification limits, which means that there exist some rooms of energy saving in the process control system.
Logistic regression has been used to classify data set into the labeled classes [5] . In this study, logistic regression is used to provide a criterion (weights) for classifying IAQ data into two groups. The standard logistic regression model is formed as following:
where probability p is a proportion of data in the population who are coded y, y is a binary response variable, z is a (1 p) vector of predictor variables or covariates, is a scale parameter and is a (p 1) parameter vector. In this study, y is class index (G1 or G2) and z is C pk . The threshold of C pk for the classification of IAQ data is obtained when p(y=1|z)= 0.5. If the IAQ data has larger C pk value than the threshold, IAQ data is classified as G2, where the high C pk represent that there exist a possibility of the IAQ-ventilation controller for reducing the ventilation energy. On the other hand, if the C pk of IAQ data is smaller than the threshold, then the IAQ data is classified into G1, where means that the ventilation control should improve the IAQ.
Multi-objective optimization (MOO) formulation
To predict and control the IAQ, a ventilation system model developed by Liu et al. (2013) is used. In this model, the output variable is PM 10 at platform (i.e., IAQ) and the input variables are the outdoor PM 10 , the ventilation rate of RPM and train schedule. In the respect of ventilation system control, outside PM 10 and train schedule are the disturbance variables and the ventilation rate is the manipulated variable. PM 10 at platform is controlled variable by RPM. Proportional-integral-derivative(PID) controller is used to adjust the manipulated variable to control the set-points of PM 10 at platform using the value of the former one and also feed-forward (FF) controller is used to predict the PM 10 at platform precisely [6] .
Multi-objective optimization for improving IAQ and energy efficiency is solved by using Multiobjective Genetic algorithm (MOGA). In this paper, the minimization of PM 10 at platform and ventilation energy is implemented as the objective function of MOGA. The objective function is formulated as following: 
where x is the set-point of PM 10 for ventilation and w is the weight of each group. Here, different value of weight is allocated to PM 10 term of this function depending on the control purpose, that is, the weight of 1.1 for IAQ enhancement group (G1) and 0.9 for ventilation energy saving group (G2).
For calculation of energy consumption, the relationship between energy consumption and fan speed (RPM) is fitted with a third-order polynomial. Energy consumption is defined as the fallowing expression: 
Result and discussion
Classification of IAQ data using logistic regression
To determine the threshold for classifying IAQ data depending on the ventilation control purpose, the logistic regression is used. Fig. 3 shows the logistic function when C pk is used as covariate variable. Note that the numbers on the dots in Fig. 3 represent the time when the IAQ data is measured. The logistic function indicates that the threshold value of C pk of current IAQ data is 1.69. Then the IAQ data is classified into two groups according to its value of C pk.
The IAQ data which are classified in G1 showed that they are measured during the time period of morning rush hour and midnight (around 12-1 am), where the PM 10 concentration in the subway station is high. Therefore, the MOO is carried out by focusing on the IAQ improvement, which results in the increase of the set-point of the ventilation system. On the other hand, the IAQ data in G2 show low PM 10 concentration than G1. Therefore, for the IAQ data of G2, the ventilation control can save the energy by increasing the set-point of the ventilation system. This is simple, easily implementable but efficient energy-saving IAQ-ventilation control methodology. Fig. 3 . Logistic function of process capability ratio when C pk is used as covariate variable Fig. 4 compares the control performances of ventilation system using the conventional and the proposed methods. Fig. 4(a) shows the determined optimal variations of fan speeds of IAQ ventilation system for one day with the MOGA. Compared to the conventional system, the optimal fan speeds have similar pattern with the PM 10 variation in subway station. Since PM 10 concentration affects the value of C pk , it also influences on the weight of MOGA of the current IAQ data as well as the set-points of ventilation system. Therefore, the optimal set-points of ventilation system can improve both the IAQ level and ventilation energy saving. Fig. 4(b) shows the performance of ventilation system when the optimal set-points are use in the control system. The average PM 10 at platform of optimal set-point is 66.92 g/m 3 , while that of the conventional system is 65.77 g/m 3 . On the other hand, the standard deviation of the optimal set-point is reduced 54%, compared with the conventional system. As a result, C pk is increased to about double, from 0.81 to 1.70. Automotive Industry Action Group (AIAG, 1995) has suggested that C pk of well-run process should be more than 1.33 [7] . Therefore it means that proposed set-points of ventilation system can maintain reliable and healthy IAQ. Once the optimal set-points are used, the PM 10 concentration of subway station is maintained below 120 g/m 3 which is the limit concentration for the sensitive passengers, such as elder citizen or young baby. On the other hand, the PM 10 concentration with the conventional ventilation algorithm sometimes exceeds 150 g/m 3 , where the IAQ can cause unhealthy risk effect to every passenger. This result highlights that the IAQ ventilation system with the optimal setpoints significantly improve the IAQ in subway station compared to the conventional ventilation system. In terms of energy saving, ventilation energy with the optimal set-points is 1,804 kWh/d compared with that of conventional system as 1,854 kWh/d, which is reduced by 2.7 %. This results verified that the optimal set-points of the proposed ventilation control algorithm can satisfy the IAQ improvement as well as the energy saving. A new IAQ-ventilation control which determines the optimal set-points of ventilation system was proposed to satisfy improvement of IAQ and energy saving on ventilation system. The logistic regression method was proposed to calculate a criterion for classifying IAQ data into two groups. Then, MOGA was performed to find the optimal set-points of IAQ ventilation system which can improve the IAQ and minimize the ventilation energy simultaneously. The results showed that the performance index of ventilation system was increased two times, compared with the conventional system, while the average concentration of PM 10 at platform was a little increased. Moreover, the energy consumption of ventilation system was reduced by 2.7 %. This work has limitation that the possible impact of optimal set-points on passenger's health risk has not qualitively been evaluated. Therefore, for further research, the possible impact of IAQ ventilation with the optimal set-points on the passenger's health using cumulative indoor air-quality index (CIAI) will be evaluated.
Determination of optimal set-points of ventilation system using MOGA
Conclusion
